To explore endocrine effects in relation to para,paradichloro-diphenyl-dichloro ethylene (p,p -DDE) body burden and past occupational exposure to its precursor dichloro-diphenyl-trichloro ethane (DDT), we assayed serum sex hormones, including serum luteinizing hormone (LH), follicle-stimulating hormone (FSH), 17 -estradiol (E2), testosterone and sex hormone binding globulin (SHBG), and p,p -DDE levels in 107 male participants in a 1946-1950 anti-malarial campaign in Sardinia, Italy. Cumulative DDT exposure during the anti-malarial operations was retrospectively estimated from detailed reports of the anti-malarial agency. Ortho,para-DDE, and its precursor ortho,para-DDT were always below the detection limit. p,p -DDT was detected in 14/107 subjects, and p,p -DDE in 106/107 subjects. The median lipid-adjusted p,p -DDE serum concentration over the total study population was 396 parts per billion (interquartile range 157-1045), and it did not vary according to the job at the time of anti-malarial operations, nor was it affected by cumulative DDT exposure. LH, FSH, and SHBG, but not testosterone or E2, showed a significant positive correlation with age. Neither current serum p,p -DDE nor past cumulative DDT exposure affected sex hormone concentrations. Our results suggest that (1) the low current p,p -DDE serum concentration does not affect serum hormone levels, and (2) past cumulative DDT exposure is not correlated with the current p,p -DDE serum level, nor does it show persistent effects on serum hormone levels.
Introduction
The finding that the major and most persistent dichlorodiphenyl-trichloro ethane (DDT) derivative, para,paradichloro-diphenyl-dichloro ethylene (p,p -DDE) is a potent anti-androgen in in vitro experiments (Kelce et al. 1995 , Sohoni & Sumpter 1998 corroborated the hypothesis of its implication in endocrine disruptive effects reported in various species of wildlife (Vos et al. 2000) , and suggested a link with a reported world-wide decreasing trend in human sperm count (Carlsen et al. 1992) . Other DDT species, such as the ortho,para DDT (o,p-DDT) isomer and its derivative o,p -DDE, bind to the estrogen receptor in the rat, significantly inhibiting [ 3 H]17 -estradiol binding, and eliciting a response similar to -estradiol, with increased DNA synthesis and cell proliferation in the stroma and myometrium (Danzo 1997) . Also, DDT isomers and derivatives may affect the balance between reproductive hormones through non receptorial mechanisms, such as competing with [ 3 H]5 dihydro-testosterone ( -DHT) in binding to the human sex hormone binding globulin (SHBG) in blood (Danzo 1997) , or increasing 2-hydroxylation of testosterone by inducing the CYP2B1/2B2 and 3A enzyme synthesis (Li et al. 1995) . Technical grade DDT is a mix of the two isomers, largely consisting of the p,p isomer, with the o,p isomer as a contaminant. Therefore, most of the effects generally ascribed to DDT would most likely be related to the p,p isomer. DDT administration in rats led to a dose-dependent reduction in testicular weight, seminal vesicle weight, and number and mobility of spermatozoa in the epididymis (Ben Rhouma et al. 2001) . Testosterone production by the testes was reduced, while serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were increased. Overall, these results would indicate an impairment of the steroid negative feedback, as well as an impairment of the inhibin B negative feedback on the hypothalamic-pituitary axis, as suggested by the increased FSH release accompanying the impaired spermatogenesis (Ben Rhouma et al. 2001) .
Recently, three reports have specifically addressed serum hormone levels in relation to p,p -DDE serum levels. In a US study of North Carolina African-American farmers, a 23% decrease in total testosterone and free androgen index was reported among subjects with serum levels of p,p -DDE in the top tenth percentile (Martin et al. 2002) . Similar results were seen among 24 young Mexican men, with mean serum DDE levels as high as 600 µg/l (Ayotte et al. 2001) . On the other hand, no correlation was observed between p,p -DDE plasma levels and plasma hormone levels among 110 men who consumed varying amounts of fish from the Baltic Sea (Hagmar et al. 2001) .
We explored serum sex hormone levels in relation to past DDT exposure and current p,p -DDE serum levels among men who participated as young adults in an anti-malarial campaign in the Italian region of Sardinia.
Materials and Methods
In 1946-1950 an anti-malarial campaign, supported by the US Rockfeller Foundation, the United Nations and the Italian Government, was conducted in Sardinia, Italy. Based on original reports, about 267 metric tons of DDT were used over the whole Sardinian territory, corresponding to 10·6 mg/m 2 and about 190·6 g/resident. The total workforce employed accounted for approximately 8000 men. The great success of this campaign in eradicating malaria is considered as a turning point in modern Sardinian history. Within a program of research on longterm health effects of the occupational exposure to DDT, we conducted a commemorative celebration of the 50th anniversary of this historical event. In 15 small rural communities, scattered over the whole region, the commemorative program included collaboration with the senior citizens to identify, and conduct activities with, the surviving ex-employees of the anti-malarial agency that conducted the operations. Thanks to the collaboration of students and teachers of the local primary and secondary schools, the whole population, as well as the local authorities and the administrative staff of the Population Registrars, 150 men still living and residing in the 15 communities were identified as the total surviving workforce among residents who participated in the 1946-1950 anti-malarial operations. We contacted all these men, and invited them to participate in the present study. Two subjects died before any contact was established. Thirtynine subjects refused, mainly because of serious health problems. One-hundred and nine subjects provided written consent to undergo a telephone interview, including detailed information on occupations and the respective dates of starting and ceasing while employed at the antimalarial agency. Subjects also provided a blood sample to test the concentration of DDT isomers and derivatives in the serum, as well as the following hormone levels: testosterone, 17 -estradiol (E2), FSH, LH and SHBG. Blood withdrawals were performed early in the morning, about 12 h after the last meal, at the local Public Health facilities. The study was approved by the Ethical Committee of the Faculty of Medicine, University of Cagliari.
Laboratory methods
Testosterone, E2 and SHBG were tested with a radioimmune enzymatic method, with 125 I as the marker of the radioactive indicator (RADIM SpA, Rome, Italy). Serum LH and FSH levels were tested with a chemiluminescent competitive immunoassay (Bayer SpA, Milan, Italy), using two specific antigens for the whole FSH molecule and two specific antigens for the sub-unit of the LH molecule. Serum volumes were 50 µl for E2, LH and SHBG, and 100 µl for testosterone and FSH. The inter-assay coefficients of variation averaged 8·6% for testosterone, 3·1% for E2, 4·6% for FSH, 6·2% for LH, and 5·1% for SHBG.
DDT derivatives were tested in 2 ml serum aliquots, treated with methanol (1 ml). After a triple extraction with a 1:1 diethyl ether-hexane mix (2·5 ml) in a rotary evaporator, the extracted fraction was concentrated to 1 ml at 35 C under a nitrogen stream. The concentrate was purified in a 1·8-g 60-100 mesh Florisil (US Silica Co., Berkeley Springs, WV, USA) column (10 2·5 cm), conditioned for 16 h at 130 C with 0·5 g anhydrous sodium sulfate for clean-up. Before injecting the sample, columns were conditioned first with 5-6 ml hexane, and secondly using 15 ml of a hexane mix with 6% ethylether. The eluate was then concentrated to 0·5-1 ml in a nitrogen stream. The final volume was determined by weight. A GC 8000 Fisons Instruments gaschromatograph was used, equipped with an AS 800 autosampler and double Ni-63 electron capture detector (ECD) with a 30 m, I.D. 0·25 mm and 0·25 µ film, J&W DB-5MS column (J&W Scientific, Deerfield, IL, USA), using helium as the carrier and nitrogen as the make-up gas, with fluxes of 1·5 and 30 ml/min respectively. Gas chromatographic conditions were: column temperature between 120 and 220 C, with a 5 C/min increase; detector 260 C, inlet 150 C; time for the analysis 100 min. The split ratio was 1:25.
DDT, tetrachlorodophenylethane (TDE) and DDE were determined comparing their retention times with the reference standard. Quantitative analyses were performed using Chrom-Card for Windows, Fisons Instruments (Milan, Italy), as the software for signal acquisition and integration. The external standard method consisted of comparing the area observed with 1 µl of the standard, containing the chemicals under analysis in solution with 20% diethyl ether/n-hexane, with that obtained with the injection of the same fraction of the sample to be analyzed. Limits of detection were: DDT=0·04 µg/l, TDE= 0·05 µg/l, DDE=0·05 µg/l. The inter-assay coefficient of variation for the standard ranged from 6·5 to 9%. The recovery rate was greater than 95%. All measurements of DDT and its derivatives were carried out at the Laboratory of Industrial Toxicology of the Department of Public Health, Occupational Health Section of the University of Cagliari, Italy. The laboratory is enrolled in a quality control program for organochlorine pesticides held by the Institute of Quality Management in Medicine-QualiMed, Quality Assurance in Occupational and Environmental Medicine, D-91054 Erlangen, Germany.
Total serum lipids were extracted with alcohol, and added with the Kunkel reagent containing phenol (Futura System Srl, Rome, Italy). The extinction, directly proportional to the total lipid concentration, was read at 620 µm by spectrophotometry. Lipid-adjusted DDT, TDE and DDE concentrations were expressed as parts per billion (=µg/kg).
Blood samples were available for 107 of the 109 subjects who participated (two participants were excluded because of technical problems during blood withdrawal). The serum concentrations of DDT isomers and derivatives were assayed in all samples. Sex hormones were assayed in 100 subjects, as the serum sample was not large enough in 7 subjects.
Retrospective estimate of DDT exposure
DDT was first introduced into Sardinia for the purposes of the 1946-1950 anti-malarial campaign. About 8000 workers were employed, including 5000 DDT applicators with direct contact with DDT, 700 subjects with occupations such as inspectors, truck drivers, and warehouse workers, with sporadic and indirect contact with DDT, and 2300 subjects, including laboratory, administrative and directive staff, unexposed to the pesticide. Study subjects were classified into these subgroups, based on the self reported occupation at the time of the anti-malarial operations. A separate 4th subgroup comprised subjects with multiple occupations involving direct or indirect contact with DDT (applicators+other jobs). Data on the total amount of DDT used, its concentration and the changes over time, and the insecticide concentration to be applied to indoor wall surfaces, and outdoors to all wetlands, were published by the director of the antimalarial campaign (Logan 1953) . Exposure for indoor activities (covering the period from October through March-April) was derived from the amount of DDT that each applicator applied daily, making assumptions on the average size of the houses that were treated and the number of houses treated daily by one applicator. The Ulfvarson's algorithm (Ulfvarson 1986 ) was then applied to estimate the exposure by inhalation: /h for most workplaces to which Ulfvarson applied his model. Although we did not have specific information, we applied the same factor assuming that DDT applicators opened doors and windows during their indoor work. The resulting DDT air ambient concentration was 6·1 g/m 3 during the first part of the campaign, which corresponded to a cumulative DDT daily dose by inhalation of 3·5 g for each applicator.
The same procedure has been applied to outdoor DDT application during the anti-larval campaign, which covered the period from May through September each year. Considering average spring-summer weather conditions in the open air, the average size of wetlands in the average area treated daily, and the actual DDT concentration in the pesticide mix, the estimated DDT daily exposure by inhalation in outdoor activities was 1·2 g. Dermal exposure was not included in the estimate, as the application in vast and deep wetlands was performed from boats, and running water has a temperature lower than air. Skin absorption of fat soluble chemicals dissolved into water are reportedly directly correlated with water temperature, and therefore with vasodilatation in the skin (Gordon et al. 1998) . Exposure among inspectors, truck drivers, and warehouse workers was considered to occur sporadically, by contact and/or by inhalation. Different exposure levels, as defined in qualitative or semiquantitative terms, have been shown to differentiate in an exponential and not a linear fashion (Gomez et al. 1994) . Therefore, we made the assumption that subjects with sporadic and indirect exposure to DDT had a daily intake corresponding to 1 10 2 times that of subjects directly exposed as DDT applicators. Estimates of DDT daily exposure, specified by month during the campaign, were multiplied by the number of working days in each month, and finally summed up to provide a cumulative dose of DDT.
Statistical methods
Arithmetic mean and standard deviations were calculated for age and for serum hormone levels over the total study population and within the four exposure subgroups (unexposed, exposed only as applicators, exposed in jobs other than applicators, and applicators who also worked at another exposed task), assuming an approximately normal distribution. As the distributions of the estimate of cumulative exposure to DDT and serum p,p -DDE levels did not approximate normality, median and inter-quartile ranges were calculated as the summary statistics. The Spearman's correlation coefficient was calculated to assess their reciprocal correlation, and that with age and sex hormone serum concentrations. We tested betweensubgroups differences in serum p,p -DDE levels with non parametric analysis of variance, using the Kruskal-Wallis test, or the Mann-Whitney test when the comparison was restricted to two groups. Table 1 shows summary statistics of the study population by job during the anti-malarial campaign, including the serum concentration of the main DDT isomers and derivatives. The mean age of the 107 men who participated in our study was 77·9 years (standard deviation: 6·34), and it ranged between 76·5 and 78·8 years across the four exposure subgroups. The median estimated cumulative exposure to DDT in the two exposed subgroups was: applicators: 273·2 g (interquartile range (IQ) range 129·9-402·7); exposed jobs other than applicators: 8·1 g (IQ range 7·0-15·3). o,p-DDE, the estrogenmimicking derivative, and its precursor o,p-DDT were below the detection limit in all study subjects. On the other hand, p,p -DDT was detected in 14/107 subjects, and p,p -DDE was detected in 106/107 subjects. Both showed a heavily right-skewed distribution. Over the total study population, the median p,p -DDT concentration in the serum was 47 parts per billion (ppb) (IQ range 33-74), and the median p,p -DDE concentration was 396 ppb (IQ range 157-1045). Subjects exposed to DDT in jobs other than applicators had lower p,p -DDE serum concentrations compared with applicators (Mann Whitney test=3·14, P=0·0016). However, no significant between-exposure subgroups variation was observed with non parametric analysis of variance (Kruskal-Wallis test=0·53, P=0·91). Therefore, exposure levels at the time of the anti-malarial operations would not account for the difference in p,p -DDE serum levels we observed between the two exposed subgroups. Differences in p,p -DDT serum levels by job are not interpretable, due to the very small numbers of subjects with values above the detection limit in each subgroup. Table 2 shows the serum concentration of testosterone, E2, FSH, LH and SHBG by exposure subgroup and over the total study population. With the exception of FSH, serum sex hormones showed an approximately normal distribution. Average testosterone serum levels were slightly below the normal range, and average E2 serum levels were close to the upper limit of the normal range. Average LH, FSH and SHBG serum levels were within the normal range. The elevated mean age of our study population accounts for these results. We did not observe differences in the serum hormone concentrations across the four exposure subgroups.
Results
p,p -DDE serum concentration did not show a correlation with age (Table 3) . LH, FSH and SHBG, but not testosterone or E2, showed a significant positive correlation with age, but not with p,p -DDE serum levels. Among the 75 subjects who had been occupationally exposed, current p,p -DDE serum levels were not affected by the estimated cumulative DDT exposure at the time of the anti-malarial campaign (Spearman's correlation coefficient= 0·063). Current serum levels of sex hormones and SHBG levels were also independent of past occupational exposure to DDT. These results were confirmed after limiting the analysis to 49 applicators with a more homogenous exposure pattern (not shown in the tables). 
Discussion
Our study of elderly men who underwent occupational DDT exposure as young adults provides two important new pieces of information on the pseudo-hormonal effects of DDT. First, the low current p,p -DDE serum concentrations observed here do not affect serum hormone levels. Secondly, 50 years after exposure occurred, past estimated cumulative DDT exposure is not correlated with the current p,p -DDE serum level, nor does it show persistent effects on serum hormone levels. The median p,p -DDE concentration in our study was lower than in the North Carolina study of African-American farmers (Martin et al. 2002) , and much lower than that in Mexican men from the state of Chiapas, non occupationally exposed to DDT (Ayotte et al. 2001) . North Carolina farmers might have been exposed to DDT from farming activities and diet, and their exposure presumably lasted until DDT was banned in the late 1960s. Mexican men were resident in an area where malaria is endemic and DDT was regularly sprayed at the time of the study. In both studies, serum testosterone levels were decreased in relation to serum p,p -DDE concentrations, the anti-androgen DDT derivative. On the other hand, our results are consistent with a report among fish eaters from the Baltic Sea (Hagmar et al. 2001) , whose low p,p -DDE serum levels did not affect the serum concentration of sex hormones. Interpretation of our findings is limited by the small size of our study population, by the way subjects were identified, and by a possible survivor effect. The size of our study population was, in part, the result of our choice of focusing on small communities, where closer relations among residents would have made it easier to identify those involved in the anti-malarial operations in their youth for our commemorative project. Although all such men still living and residing in the 15 communities were identified, uncertainty about the extent to which our results were affected by a possible survivor effect is a cause for concern in interpreting our results. Also, although the overall amount of DDT applied over the whole Sardinian territory during the 1946-1950 anti-malarial campaign averaged 10·6 mg/m 2 , the length of time (50 years) which has elapsed since its end is long enough to obscure a correlation between the occupational exposure at that time and the current p,p -DDE serum levels. As the half life of DDT residues in living organisms ranges from 5·7 to 6·3 years, it is plausible that the inter-individual variability, due to dietary or occupational exposure to other lipophilic chemicals acting as endocrine disruptors in the intervening years, was greater than that due to the occupational exposure in the four years of the anti-malarial campaign.
In conclusion, our results suggest that no significant hormonal disturbances should be expected from DDT derivatives, unless they exceed serum concentrations high enough to cause a significant competition at the receptor level, or to affect hormone metabolism or transport (Cocco 2002) . Such effects did not persist in our study population. 
